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DTIC QUALIT'Y IN8PEOI'D 3 /
'This work rcports experimnirts in whichi di Cl erenti grafes and types ol' ceramnic
arc impacted by tungsten alloyV projectiles, and thec resuilting debrisisalyd
to asscss the influence of ceramic properties onl the degree of frag men tat ion and
the distribution of cracking in thle ceramic. The expcriments utilize two grades
of iitan lum diboride, four grades of alumina, as well as toug-hened /.ircon ia tilies
and glass. TIoughness is seen to have a large in Cluence onl tile fragmentation,
with thc vcrv toughl ti rconia tiles showing significantly less breakup, and the
brittlc glass showing ex\cessive fra~gmentation. WVhilst a correlation is established
betweevcn toughness and degree of fraigmntcation, for small differences inl
tou~ghnless (-2NlPa in5") the shot to shot variation in fraegmenation canl obscure
that relationship. F~or two cases, glass and A)S-5 aluimina, the projectile did not
deform and this allowed calculaitions of the mea~n pres-sure resisting
penetration.

INTIZODUCl"iON

'The perforation of" a ceramic by a projectilc involves penetrator til) fracture and
penetrator erosion, loading of the ceram~ic, ceramic fracture and cont inued loading of'
the rubble bed, mnomentumi transfer to, and ejection of, thle ceramnic debris, and stress
wave propagation and interaction with in thle ceramic and the confining structure. The
complexity of thecse concurrent processes miakes it difficult to isolate key parameters
which determine performance, measu rcd as resistance to penetration. Previous studies
of thle interaction between projectiles and ceramic targets have highlighted aspects of
modelling [1 -4], cnergy distribution (5-S), ceramic fracture [6-1Il], and ballistic
performane assessment [1 2- 15). Ceramic fragmientation is important because a large
p~roportion of the projectile kinetic energy is redistributed as kinetic energy of' ejected
ceramnic particles [5-S), however toughness itself is not found to be 'an indicator or
performane [6,9).

In earlier wvork on confined and tinconfincd alumina ceramics it was demonstrated that
thc size distribution of fragimcnted cecramic was consistent with two mcchanisms of
fracture viz. (a) comminution in the path of the advancing projectile producing thle
majority of the fine fragments, sonic of wvhich are ejected at high vciocity, and (b)
fracture by stress wave interactions, away from thle projectile path, resulting in coarser,
lower velocity fragments. The present work extends those previous studies by
examining thc shot to shot consistency of thle debris distribtution, and by thc incltusion
of both non-oxide and very tough ceramics. In addition the debris size distribution is
examined in more detail.
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The details of ceramic conl finement and lay-tp, the ballistic testing and analysis

techniques were fully described in the earlier work (8). As il that case, unconfined

targets Consist of a tile bonded to a 6.35mm aluLninufn alloy backing. Confined targets

consist of a tile bonded to a 3Mmi aluminum alloy backing plate with additional such
plates placed behind this back to back, and the impact side covcrcd by a 6.35mm
aluminium alloy plate. In both confined and unconfined cases tlciles were
surrounded by a close fitting steel jacket.

As well as carrying out further firings against the AI)90 and AD995 alurninas used in
the previous work, two brands of "[ilB2 (Ceradync and .crcom), a toughened /irconia
(Nilcra MS grade ZrO2 ) and a soda lime lass, wc,'c tested. The earlier results on :\1)85
and AD96 alumina tiles are also included for comparison. .. \l tiles \wore 100imm square
and 12.7ram thick c.cpt for ic zirconia M hich was Ni0mm thick and the glass wxhich
was 15mm thick. "ide pliysi,:.,l :nd mechanical properties arc listed in Table I.

"TAI' i: I

Tll .1, Pl IYSIC,\I. AN I) MCI' IANICAI,. PROPI:RTIIS

Ceramic I )cnsit': lastic Toughness Com pressi\ c I lardncssNlodulus 1K Ic Strength I)imond

I'vrainid)
(k0 m' 3lx103x (Ci'P.) (0%llai ; (1l1il) a)

AD85 3.3 224 . 2175 8'
AD90 3.5 268 3.3 .235 1() ()
AD96 3.4 310 3.7 1660 12.3
-\D995 3.90 383 4.7 2785 15.)
"Tlil 2(Ceradyne) .. 2 '414 4.1 - )700 27.0
Ti132(Cercom) 4.52 53S 5.2 0 6000 2(. I
ZrO2(Nilcra, NIS) ...72 205 12. 1990 11.2
Soda lime Glass 2.5 69 0.73 966 55

Using the procedures described in earlier work [8] reco\cry of ceramic debris \as bettcr
than 99% of the original tile mass. On disassembly of inpactcd confined targets, the
debris fromn within the fracture conoid was separated from the ceramic outside the
conoid, and its size distribution determined separatclv. This was also done for the
ejected debris. Because of the difficulty of containing broken fragments with the
unconfined targets, the analysis of fragment distributions from different sections of these
targets was less successful.

RESULTS AND DISCUSSION

(a) Toughness and Fragmentation

Figure 1 illustrates dramatically the influence that large differences in toughness can have
on the volume of fragments in any size range of the fragment distribution, by plotting the
volume of fragments in a size range against size for confined targets of glass, AD995
alumina and zirconia. The slightly different thicknesses of the glass and zirconia tiles do
not influence the general conclusions to be drawn from this data.

aWIWI. -
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~ *'~*~ applications (altimimis and *i3Xwhere
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0, h C Ia ru- C
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The simpev model proposed inl earlier
work (,S] for e~xplaining, xeramic break -
up feattures woufld ha\ve the f'in11
fragments occurring tin a phenetration
c ol11ui 11 along the line or projectile
f'light and ejected as penetration

F~ig.lI proceeds, with thle coarser fr~agments
being produced in thle distal regions

Volume of* frlagments plotted :'antof the tile by stress wave interactions.
fragent ue fr (tp tobottm) ~As an approximation, tile frrtur

..\i99S alkmitt in and z.i ron a T conoid is easily separated from the
framen SIC ~ inictedby W~'vp~aldistal rrignicnts and w~hen it is

frametsinl each sizei rc in I ihe combined with ejecta fragments this
total1 volume of, thle glass tile a I's should account oro the majority of fine
greater, and that oft' he / ircon iaZ fragmcntzition.
smaller, than thle alti inan tile.
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[ig.2 Cumulative Volume of fraginents as a function of fraggment size for confined:-.~'c (',op) and unconfined targe:-. (bottom).
" :2' ,:Iscs it was found that greatcr than 60o of the fine fragmcnts occur within the-: ".::d the percentage gencrallv drops as fragment siz- increases. Thc zirconia hasS-',::,ly high proportion of finc fragments within this region, e\cn fragments up".0 1 in size being mostly produced within the conoid. Vcry few of the large"-kI;mcnts ( 4mm) are produced within the conoid. This lattcr phenomenon is partly.cto the fact that the conoid itself is only a proportion of the total volume of a tile,.-::d i'=,c-y duc to the fact that these coarser fragments are produced by tensile reliefwhereas those in the line of projectile flight arc produced by crushing. In the
-- , '.rc targets were shot in both confined and unconfined configurations, the

;":.'s: :'•shs confirm an carlier observation [S) that a greater volume of the coarser:-.a..:; occur for confined targcts and with two e.xceptions (AD90 and Ccrcom TiB2 )'e r,:nfofincd targets show a greater volume of the very fine fragmcnts.
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To further explore the correlation between dcgrcc of fragmentation and toughncss, the
volume of fragmcnts is plottcd against toughness in Figurc 3(a) for the confined targcts,
for all fragments less than 0.5mm, and for fragments in the size range 2 to 4rmm.
Overall there is a clear inverse relationship which conforms with earlier work [6,9). For
the region beyond the conc it would bc cxpectcd that lower toughness would lead to
incrcased fragmentation and this was assessed approximately by counting the total
number of fragments greater than ,nmm in dimension. As expcctcd the zircoinia had the
smallest number of large fragments, however the glass produced similar numbers of
large fragments to both the alumina and I'llM2 ceramics because it was so brittle that
even outside the fracture conoid, breakup is severe producing a predominance of fine
fragmentation. In Figure 3(b) is plotted the average volume of the fragments greater
than 4ram in size against toughness for each material. Given that a 4mm cube has a
"volume of 64m1 3 then the av.crzgc large glass fragment is only twice that size. Again
there is a reasonable correlation with toughness. The trends in both 1Figures 3(a) and
3(b) rely on a single data point for the very tough zircoilia ceramic, a single point for
the very brittle glass, and a group of points for all the alumina and Till2 tiles. This
emphasiscs that the variation in fragmentation behaviour arising from small differences
in toughrncss is mnasked by the shot to shot consistency o0 resutIlts, as is dlso evident
from Filiure 2.
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(a) (b)

Fig.3.(a) Total volumc of fragments in size fractions <0.Smm and 2 to 4mm plottcd
against fracture toughness, K,€, for the confined targets. (b) Plot of the average volume
of a fragment for those fragments > 4mm in dimension against ceramic fracture
toughness, K1 €



(b) Penetration Resistance

T.eislance to penctration of the ccramics compared with aluminum can bc ranked

a ballistic efficiency paramctcr, q, defined by Rozenberg and Ycsheruti (13 as

PAI AhAl

,1= -- -- (!) -

P,, and pc are thie densities of aluminum and ceramic respectively,
h'is the ceramic tile thickness, and

,tI is the reduction in thickness of aluminum penetrated when the ceramic tile is
in place.

T'hcse data are given in Table ii for the glass and AI)S5 alumina, for both of which the
"projectile did not deform, and for the -\D995 where the projectile was fractured. All
.ice other ceramics gave similar residual depths to the AI)995. Tlhe rclativc ballistic
efficiencies are in order of strength.

"TABLIE 1i

BAI .1 IS*I*IC 1-1:I;I.CII;NCY ANI) PlENHITRATION R lFsISTAN.(,I

Nl3teria! Ballislic I lardness Nlean Prcssure Ilmpact
SffiCIC ncy (Diamond Resisting Pressure

(i-qn. I ) Pyramid) Penetration (Gl'a)(l £qn.4)
(11) (C;Pa) (GPa) (:iqns..2&-,)

Al-uminum - 1.03 l.39
Glass 4.2 5.5 5.4 13.4
ADS5 8.6 15.2 2-4.2
AD995 11.7 15.0 30.3

I.rcmi the penetration into aluminit n , a mcan resisti-n pressure, I'., canl becalculated

½e =P_•.. h A' (2)

w.here the first term is the projectile impact kinetic energy (mass m. and impact
velocity v),
A is the presented area of the projectile, and
11 Al is the depth of penetration into the aluminum block

Similarly, using this value of P,.. a value can also be found for the mean pressure
resisting penetration into the ceramic, P,, using

j mV2 = PAh€ + PAlAh 'Al (3)

whcrc h. is the ceramic tile thickness, and
hoAl is the residual depth of pcnctration into the aluminum.

The results of these calculations are given in Table 11 for comparison with hardness
(Diamond Pyramid) and with impact pressure calculated from the simple elastic
equation,

Ain"



. p1CJP 2C 2P. ....... . Vo (4)
P1 C 1 + P2 C2

where p and C are the dcnsity and wave specd respectively in two impacting solids,
I and 2, and
v is the impact velocity.

"lThe values presented in Table 11 raise more questions than they answer. It may be
anticipated that the resistance to penetration by a projectile is related to the material
hardness, which is a measure of its resistance to a blunt indenter. If fracture
occurs, then resistance to penetration may be expected to be lower because of the
reduced ability of fractured material to support shear stresses. In addition, the
requirement to increase the momentum of the ceramic material which is being
rapidly displaced or ejected may increase this resistance to penetration in proportion
to the impact velocity. The pressure with which the aluminum resists penetration is
of similar magnitude to its hardness. The mean resistance provided by the glass is
also similar to the hardness, however in this case it is surprising because fracture
would be expected to reduce the effective strength of the glass. Whilst the value of
5.4 GPa in Table 1I for glass is expected to be made up of a component overcoming
the material strength and a component to increase the momentum of the glass, the
magnitude of the individual contributions is uncertain. Pavel et al. [16) present data
for penctration of thick glass specimens by a non-deforming projectile at 1060 ms-',
and analysis of this data indicates an average resisting pressure of the order of 1.2
GPa, although numerical studies by Pavel et al. [16] showed that the actual pressure
varies significantly during the event and can be much higher than this average
value. The mean resisting pressure for ADS5 alumina is much greater than its
measured hardness. The calculated elastic impact pressures are in the correct order
but, as expected, have no close relationship to the resisting pressure calculated from
depths of penetration. No calculations of mean pressure resisting penetration were
done for the ..\D995, or the other hard ceramics, as the fracturing of the projectile
means thet use of equations (2) and (3) is invalid without data on blunt projectile
penetration into. aluminum.

In penetrating the ceramic the projectile docs work overcoming the strength of the
material, and also in increasing the velocity of the ceramic in order to displace it.
If the target was a metal then the work done in overcoming the strength of the
material would appear principally as distortional strain energy and heat in
proportions of approximately 5% and 95% respectively. Despite the high stress
levels, the strains are small in brittle materials so that the conversion of work to
heat cannot account for the work done on such a target. Previous studies [5,6,3)
have concluded, on the basis of measured surface areas and fracture work, that the
work of fracture is also insufficient to account for the work done in penetration of
such a target. A reasonable hypothesis is that by elastic and shock wave reflections
and interactions within the fragmenting material, the work done in overcoming the
material strength also contributes to the increase in kinetic energy of the ceramic
debris.

CONCILUSIONS

Fragmentation of ceramics under confined and unconfined conditions has been
studied. The studies included non-oxide ceramics (TiB3), very tough ceramics
(zirconia) and very brittle materials (glass). The results indicate the shot to shot
reproducibility of fragmentation data is of the order of 25% in volume of
fragments. The results confirmed a correlation between toughness and degree of

Sceramic fragmentation, and they are consistent with an earlier suggestion that fine
fragments are produced by comminution ahead of the projectile and coarser
fragments are produced by the interaction of stress relief waves away from impact.
For two cases in which the impacting projectile did not deform, glass and AD85
alumina, the results allow an average pressure resisting penetration to be calculated.

. • (f;Ih•-'.tT&¢•__.... .~~.....................",.,,,•,t... •,,,. .......-....
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